Confocal scanning laser microscopy (CSLM) is increasingly being used to image antibody-labeled structures visualized with a fluorescent secondary antibody. Such digital images are routinely stored on computer and are well suited to quantitative analysis. Although theoretical aspects of CSLM imaging and resolution are well defiied, information is lacking on the relationship observed between measurements of fluorescent antibody-labeled structures and the size of the same structures as determined by electron miaoscopy (EM).
Introduction
Confocal microscopy is not new (Petran et al., 1968) , but the more recent combination of confocal and scanning laser technology has provided new opportunities for analyzing cell structure. The principles and advantages of confocal scanning laser microscopy (CSLM), in particular its ability to provide images of labeled tissues free from out-of-focus blur and the facility for optical sectioning of samples without physically disrupting them, have been amply demonstrated and reviewed elsewhere (e.g., InouC, 1989; Shotton, 1989; White et al., 1987) .
The most common biological application of CSLM is in detection of excited fluorochromes, although the instrument also has important uses in reflectance imaging. In fluorescence mode, the confocal microscope is capable of resolutions of 0.2 pm in the focal plane (lateral x-y) and 0.8 pm in the axial (z) direction (Brakenhoff et al., 1990) . Although resolution places absolute limits on the accuracy of measurements from the confocal microscope, detection and quantification of fluorescence also depend on other factors (Wells et al., 1989) . These include photobleaching of the fluorophore, saturation of photoatcitation, and efficiency of fluorescence detection. Even in the best microscopes, for example, detection efficiency is thought to be less than 5 % of the fluorescence emitted from each resolution volume (Wells et al., 1989) . Although the theoretical understanding of each of these limitations has been addressed by various authors, there are few data on the relationship in practice between the measurements of immunofluorescentlabeled cell structures obtained by confocal microscopy and the corresponding dimensions of the actual structure as determined by electron microscopy (EM) . Recently, we raised three polyclonal antipeptide antisera (Harfst et al., 1990) to the principal cardiac gapjunctionalprotein connexin43 (Beyer et al., 1987) and showed that one of these antisera, combined in a histochemical protocol with CSLM, permits high-definition localization of gap junctions in the heart (Gourdie et al., 1991) . This has opened new opportunities for investigating gap-junctional communication networks in relation to cardiac development and disease (Severs et al., 1993; Gourdie et al., 1992; Smith et al., 1991) . To realize the full potential of the technique, however, validation of the accuracy of the data obtained is needed. To this end, the present study compared data on the size distribution of cardiac gap junctions as determined by CSLM of immunolabeled preparations (primary antibody followed by FIE-conjugated secondary antibody) with corresponding measurements made from freeze-fracture electron micrographs. Our results indicate that under appropriately controlled conditions, measurements of fluorescence-labeled gap junctions with CSLM show broad correspondence with EM measurements. This finding provides a foundation for application of quantitative techniques to analysis of gap junctions by CSLM, with the added advantages of extensive sampling and speed.
Materials and Methods
The study was conducted on hearts from female Sprague-Dawley rats (250 g). maintained on standard laboratory diet and tapwater ad libitum. Hearts were fixed and samples of left ventricular free wall processed for freezefracture electron microscopy, immunohistochemisuy, and immunocytochemistry, as described below. All procedures on animals (perfusion-fixations) were carried out in accordance with the Animal (Scientific Procedures) Act, 1986.
Freeze-fracture Electron Microscopy. For freeze-fracture EM, hearts from four anesthetized rats were fixed by retrograde perfusion via the aorta with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2. Samples of left ventricle were further fixed in the same fixative for 2 hr. After a rinse in 0.1 M cacodylate buffer they were cryoprotected by soaking overnight in cacodylate-buffered 30% glycerol, mounted in standard Balzers gold-nickel holders, frozen in liquid freon, and processed in a Balzers BAF 400T freeze-fracture apparatus. Fracturing (by knife) and replication were done at -11%. Replicas were cleaned in chromic acid and viewed in a Philips EM 301 electron microscope. Images of all gap junctions observed were recorded for later analysis.
Long-axis measurements of gap junctions were made on photographic prints enlarged to a final magnification of x 70,000, using a VIDS 111 package (Analytical Measuring Systems; Cambridge, UK) with an Olivetti M24 computer linked to a digitizer tablet. A total of 325 junctions were measured, approximately equal numbers being obtained from each of the four hearts. In freeze-fracture replicas, viewing of the junctional domain in its entirety is biased towards the smaller junctions. A major reason for this is that the larger the gap junction, the more likely will part of it lie outside the membrane expanse revealed by fracturing. Departure of the fracture plane from portions of larger junctions is encouraged by the high protein content of the junctional domain, the undulating topology of the intercalated disk membrane, and the ptesence of mitochondrial membranes adjacent to the junction's cytoplasmic surface. To minimize this bias we did not exclude from measurement junctions that were not revealed in their entirety. In addition to complete junctional domains, the following incomplete views were included (a) junctions with a missing central portion but with a visible border and (b) junctions in which <30% of the border was missing but in which the likely complete shape could easily be extrapolated (for examples and further explanation, see Results). In such instances, any minor inaccuracies in the measurements would be negligible when set against the bias that would arise if such junctions had been rejected. Even with these precautions, however, some bias in favor of small junctions at the expense of larger ones cannot be excluded.
Frequency distributions of the longaxis measurements were prepared in the form of histograms and compared statistically with the corresponding measurements obtained by CSLM, as described below.
Immunohistochemistry and Immunocytochemistry. The primary antiserum used was raised against a synthetic peptide matching amino-acid residues 131-142 of the 382 amino-acid sequence of connexin43, the principal gap junction protein in mammalian heart (Beyer et al., 1987) . The peptide was cross-linked to keyhole limpet hemocyanin and polyclonal antisera raised in rabbits (Harfst et al., 1990) . The resulting antibodies bind specifically to the cardiac-type gap-junction protein, and can be used for immunohistochemical labeling of gap junctions in fixed or unfixed tissues. Full details ofthe antibody characterization by dot-blot, Western blot, and immunohistochemistry have been published previously (Gourdie et al., 1991; Harfst et al., 1990) .
To confirm the specificity of the antiserum at the EM level, we carried out immunogold labeling of sections of myocardium embedded at low temperature in Lowicryl K4M (Carlemalm et al., 1981) . Hearts were perfusionfixed in the anesthetized animal with 4% paraformaldehyde in PBS, pH 7.4, and samples of left ventricular free wall further fixed in the same solution for 1 hr at room temperature (RT). The samples were then dehydrated in 30% ethanol at 4'C for 30 min. followed by 50% and 70% ethanol at -25'C for 30 min and 1 hr, respectively, and then 90% and absolute ethanol (twice) at -35 "C with 1 hr for each step. Infiltration was at -35 'C for periods of 1 hr with 1:1 and 2:1 mixtures of Lowicryl K4M:ethanol. followed by pure Lowicryl (Agar Scientific; Stansted, UK) overnight. The samples were then embedded in fresh pure resin in gelatin capsules and polymerized with w light at -35°C for 16 hr and then at RT for up to 72 hr in a Balzers FSU 010 low-temperature embedding unit. Ultra-thin sections were labeled overnight with our connexin43 primary antiserum diluted 1:lO in PBS. followed by 10-nm goldlgoat anti-rabbit complexes (BioCell; Cardiff, UK) diluted 1:50 in PBS for 1 hr, following standard procedures. Standard controls (pre-immune serum in place of primary antiserum, omission of primary antiserum) were run in parallel and all sections examined in the Philips EM301 electron microscope.
Immunohistochemical analysis by CSLM was carried out on wax sections of rat ventricular myocardium. The tissue samples were fixed in Zamboni's fixative (2% paraformaldehyde, 0.2% picric acid, 0.1 M PBS, pH 7.2) (Toshimori et al., 1987) and wax-embedded by standard histological procedures. Sections 10 km thick were dewaxed with xylene, rehydrated, and incubated in trypsin solution [0.1% trypsin (Sigma; Poole, UK), 0.1% CaC12, 20 mM Trizma base, pH 7.41 for 10 min at RT to re-expose antigenic sites altered by fixation. After washing, the sections were blocked with 0.1 M L-lysine (Sigma) in PBS containing 0.1% Triton X-100. They were then incubated with the primary antiserum (diluted 1:lO in PBS) for 1 hr at 37'C, washed in PBS, and incubated in a 1:20 dilution of swine antirabbit FITC-conjugated secondary antibody (Dakq High Wycombe, UK) for 1 hr at RT. After extensive washing in PBS, the immunolabeled sections were mounted in a commercially available medium (Citifluor) (Agar Scientific; Stansted, UK) to reduce fading and autofluorescence. Standard controls (pre-immune serum in place of primary antiserum, omission of primary antiserum) were run in parallel.
Confocal Scanning Laser Microscopy. A BioRad MRC-500 CLSM was used to observe and analyze immunolabeled samples. The microscope was fitted with a dual-channel detection system, although for this study only Channel One was used with the blue high-sensitivity filter block inserted. A x 60 Nikon (NA 1.4) objective lens was used and data were collected on Zoom 4 setting of the computer. The final magnification on the 12inch color monitor (NEC multisync 11) was therefore x 6000. The detector black level was set at about its midpoint and the ramp parameters left on their default (0-255). The aperture was out 1-2 mm, with the Number 2 neutral density filter in place between the laser and the microscope. The gain was then adjusted for each sample set until the brightest junctions observed were peak white and pixel intensity covered the full range from t Figure 1 . Freeze-fracture replica illustrating the variety of size and shape of gap junctions in rat ventricular myocardium. A large, elongated gap junction extends from bottom left to top right of the field. Both P-face (PF) and E-face (EF) views of the membranes of this junction are visible, the former revealing connexons and the latter pits (representing sites occupied by wnnexons before freeze-fracture). The connexons are organized as multiple small hexagonal arrays separated by,smooth lipid aisles. Four small gap junctions are indicated by the open arrows; these may contain as few as 20 connexons in a single hexagonal array. The cytoplasm (Cyt) has been exposed at the top left where the fracture plane has left the membrane. Bar = 0.5 pm. Figure 2 . Examples of freeze-fractured gap junctions in which incomplete views of the junctional domain are obtained. With appropriate interpretation measurements can nevertheless by obtained from such junctions, minimizing bias that would otherwise have occurred. (A) The curvature of the membrane that brings the two adjacent membranes into close apposition at the junction has caused departure of the fracture plane into the cytoplasm (Cyt). Only a small portion of the junctional membrane itself is viewed (*), but because the rim of the junction is defined by the highly curved membrane at its periphery, the full extent of the junctional domain can be accurately deduced (longaxis length indicated by dashes pointed by arrowheads). (E) A larger expanse of gap-junctional membrane than A, with the fracture plane leaving to cross-fracture into the adjacent cytoplasm (Cyt) at the top right of the field. Despite the greater expanse of visible junction. 0 to 255 on the 255-point gray scale. Optical sections through entire intercalated disks (i.e., the membrane regions that contain gap junctions; see Results) were made in 1-pm steps using the motor drive focusing system. Only disks that were in an en face orientation with respect to the focal plane were sampled, so that small junctions were not masked by larger ones (for explanation see Results). Measurements of the longest axis of 385 gap junctions, with approximately equal numbers derived from each animal, were made on projections of the optical sections through a total of eight disks. These measurements were taken from the monitor by using a mouse pointing device to mark off the longest dimension of individual spots on the screen. The computer software enabling calibrated length measurement is asubroutine ofthe standard BioRad SOM software on the MRC-500 CSLM. The data were collected in 0.l-pm size classes.
For comparison with these manually collected data, a separate set of gap-junction length measurements was collected from the same samples by a faster semi-automated method. This was done using the PC-IMAGE image analysis package (Foster Findlay Associates; Newcastle-upon-Tyne, UK). A pixel intensity threshold was adjusted such that the bright, fluorescent-labeled junctions were demarcated by an overlapping color binary image. The correspondence between the gray and binary images was checked by toggling between the two. Once correspondence was achieved, calibrated automatic measurement of number and longaxis length of the individually demarcated junctions on the binary image was then carried out by the software.
Analysis of Data. Measurements derived from single pixels thresholded on the binary image were excluded from the analysis. At the magnification selected, a single pixel equated to a 60 x 60-nm square (=80 nm diagonal length), well below the theoretical resolution of the confocal microscope; thus, the smallest detectable unit in our study would have been at least two pixels (140-170 nm diagonal length, depending on the position of the pixels with respect to each other). To compare the data obtained by the two techniques, frequency distributions were prepared using 0.1-pm size classes and the mean and median determined for each distribution. The same exercise was carried out for the freeze-fracture measurements. This was first done using all the measurements obtained; the exercise was then repeated after eliminating junctions <80 nm, the dimension corresponding to the longest axis of a single pixel in the confocal analysis. The purpose of this was to obtain a modified distribution from the freeze-fracture measurements that theoretically corresponded with the same range of sizes detectable by CSLM. Further comparison of all the data was carried out by analysis of variance of the log-transformed data.
Results
In working ventricular myocytes of adult myocardium, gap junctions are characteristically organized in discrete areas of interaction between adjacent cells, the intercalated disks (Severs, 1990; Forbes and Sperelakis, 1985) . Intercalated disks occur at the ends of the main body of the cell and its branches, each cell interacting with an average of approximately nine others . Examples of typical freeze-fracture images, as used for analysis in this study, are shown in Figures 1 and 2 
Freeze-fracture Electron Microscopy
In freeze-fracture replicas of fixed and glycerinated myocardium prepared under optimal conditions, gap junctions appear as clearly defined domains containing hexagonal arrays of connexons (Figure I) , as documented in myocardium directly frozen from the living state (Green and Severs, 1984; Severs and Green, 1983 ). The smallest junctions routinely observed contained 15-20 connexons in a single hexagonal array and had maximal diameters of 25-40 nm (Figure 1 ) . Larger junctions comprise multiple small hexagonal arrays of connexons, and as the size of the junction increases overall shape becomes more variable. The mean of the long-axis measurements from the freeze-fractured gap junctions was 0.56 pm, although because the frequency distribution was markedly skewed to the left (Figure 6A ), the median was lower, 0.35 pm. The largest junctions in the samples reported here were in the 2.5-3 pm-range, although these were uncommon.
As outlined in Materials and Methods and shown in Figure 1 , freeze-fracture allowed gap junctions of all sizes to be viewed in their entirety en face. Incomplete views formed when the fracture plane leaves a portion of the junctional domain were also not uncommon (Figure 2) . These fall into two broad categories: instances where the curvature of the membrane causes the fracture plane to leave the junction (Figures 2A and 2B) . and instances where the fracture plane passes into a mitochondrial membrane beneath the gap junction (Figures 2C and 2D) . The former type of fracture usually removes an area that includes part of the junctional boundary, whereas the latter may remove a central portion of the junction, leaving a peripheral rim visible. This last situation arises because mitochondria are specifically aligned beneath gap junctions in cardiac muscle cells (Severs, 1990; Forbes and Sperelakis, 1982) . The examples in Figure 2 illustrate some of the variations on these themes. Inspection of these figures and their legends explains how measurement of the junctional size remains feasible in many such instances, even when a major portion of the junction is missing.
Immunocytochemistry
Immunogold labeling of sections of Lowicryl-embedded tissue confirmed specific binding of the antibodies to ultrastructurally recognized gap junctions (Figure 3) . Accumulations of gold particles were confined to gap junctions, with only low background labeling. No significant levels of gold label were associated with nongap-junctional regions of the plasma membrane (as might have been expected ifgroups of connexons occurred outside classical gap junctions) or elsewhere in the cell. Controls revealed no labeling of gap junctions. 
C Immunohistochemistry
As reported previously (Gourdie et al., 1991) . high-definition images of antibody-labeled gap junctions in cardiac tissues are readily obtained by CSLM ( Figure 4) . The intercalated disks viewed en face tended to show larger junctions around the periphery, with small junctions in the central zone ( Figure Sa) . This central zone corresponds to the plicate, transverse segments of the disk where the fasciae adherentes junctions are located. Where the disks were sampled in cross-section by optical sectioning (i.e., in longitudinally sectioned myocytes) and then projected as a single image, the larger peripheral junctions tended to become superimposed on the small junctions in the central zone of the disk, thus obscuring them (Figure 5b) . The diagrams beneath these images explain how the disk structure and the plane of section used for sampling influence the images obtained. It can be seen that four to eight optical sections taken in 1-pm steps through en face-oriented disks optimizes visualization of individual gap junctions. With this approach, we projected the optical sections on one another (maximum projections) to reconstruct the gap-junction population of each disk. Entire disks, about 5-35 pm in diameter, were routinely collected in this manner before length measurements of gap junctions were made. Figure 6 compares the frequency distributions of gap junction size as determined by freeze-fracture and CSLM. The most obvious difference between the two sets of results was the large proportion of very small (0.1 pm long or less) gap junctions revealed by freezefracture ( Figure 6A ) that were not detected by CSLM (Figures 6B  and 6D ). The mean junctional length in the freeze-fracture data (0.57 pm) did not differ from that of the confocal measurements (mean from manually acquired data 0.59 pm; automatically acquired data 0.53 pm), although the difference in the frequency distribution was reflected in the medians (freeze-fracture 0.35 pm; confocal 0.41 pm). When measurements of 0.08 pm or less were excluded from the freeze-fracture data (i.e., deleting the population of junctions that in theory would not be detected by CSLM; see Materials and Methods), the frequency distributions of junction sizes obtained by the two sampling techniques showed a close resemblance ( Figures 6C and 6D) , with similar medians (0.44 pm for the modified freeze-fracture, 0.41 pm for confocal). Analysis of variance of the log-transformed data confirmed the similarity of means and distributions of the adjusted freeze-fracture data (mean -0.39, SD 0.45) compared with the automated confocal data (mean -0.39, SD 0.32;p = LO), but not the manual confo- cal data (p = 0.006). Underlying this was a significant difference in the distributions of the manually and automatically acquired confocal data (p < 0.001; log-transformed data), due principally to the detection and inclusion of more junctions <0.3 pm in the automated data (cf. Figures 6B and 6D ).
Anafysis of Data

Discussion
Freeze-fracture is, in principle, the method of choice for determining gap-junction dimensions at the EM level because of its ability to display junctional domains in face-on view. Although sampling is time consuming, the major advantage of this technique is its ability to delineate the precise limits of the junction's boundary. Apart from being particularly effective in the detection of small gap junctions (Ryerse and Nagel, 1990) . freeze-fracture clearly can detect larger junctions that exceed the smallest detectable by confocal microscopy, and so substantial overlap in the sizes detected by the two techniques should in theory be expected.
However, the same capacity for clear-cut delineation of individual junction boundaries does not necessarily hold for the images obtained by CSLM. Although, as demonstrated previously by standard characterization procedures (Gourdie et al., 1991; Harfst et al., 1990) and here by immunogold labeling at the ultrastructural level, our antibodies are specific for cardiac gap junctions, immunolocalization can be inconsistent and the level of background staining variable. We have reduced these problems by developing rigorously standardized procedures for immunolabeling and confocal imaging to achieve consistency and reproducibility. For large, well-contrasted gap junctions, factors such as variability in background fluorescence should not pose a serious impediment to identification and measurement. However, for smaller and more weakly labeled junctions and/or closely adjacent spots, where discrimination of multiple gap junctions becomes difficult, there are limitations to the technique. Under such circumstances, variation or graininess in background may reduce measurement accuracy.
Gap-junctional membrane is predominantly situated in membrane segments of the intercalated disk that lie parallel to the long axis of the cell, in contrast to the fascia adherens junctions which lie at right angles to this plane (Severs, 1990; Forbes and Sperelakis, 1985) . Whether the gap junctions are envisaged as ribbon-like structures oriented with their long axis transverse to that of the cell , or as domains of variable shape with no preferential orientation (Severs, 1989 (Severs, ,1990 , measurement of their longest dimension is optimized in face-on-viewed reconstructions of the disk. One potential source of error in confocal microscopy concerns inappropriate orientation of the sample. As shown diagrammatically in Figure 6 , this can cause larger objects to mask smaller ones; tissue orientation and the number of optical slices projected are therefore critical.
An important distinction between confocal and EM morphometry lies in the minimum size of objects that can be discriminated and accurately measured. The cardiac gap junction can have dimensions below the limit of resolution of the confocal microscope in fluorescence mode. Our results indicate that down to 140-170 nm (two pixels on the screen magnifications used), semi-automated measurement of confocal images gives broadly similar size data to that obtained by freeze-fracture. The limitation of confocal microscopy in the detection of smaller gap junctions does not seriously affect automated quantification of total gap junction content using the PC-IMAGE software because such small junctions, despite their relative abundance, account for only a minor proportion of the total amount of gap-junctional membrane per myo- CSLM, measurements of same images as B but using semi-automatic PC-Image image analysis software. Analysis of variance of the logtransformed data of each of these data sets demonstrates a similarity between the adjusted freeze-fracture (C) and automated confocal (D) data sets (p = 1.0).
cyte. Exclusion of the junctions with a length of less than 80 nm from the freeze-fracture data set reduces the total number of gap junctions counted by 15 %, but the total gap-junctional length measured is reduced by <2 % and junctional area is, accordingly, barely reduced (by <0.04%). On the basis of these results, the immunostained gap junction content detectable in thick slices of tissue by confocal microscopy would be predicted to give a reliable estimate of the true gap-junction content of the sample. It should be emphasized that data obtained by two independent techniques seldom show a perfect fit. This is apparent not only for comparisons between confocal and freeze-fracture, but also those between thin section and freeze-fracture. From morphometric analysis of thin sections in canine myocardium, Luke et al. (1989) suggested that 80% of gap-junctional area is contained in long, transversely oriented ribbon-shaped junctions; however, this feature is not readily apparent by freeze-fracture EM, as shown here and in earlier studies (Severs, 1989; Green and Severs, 1984; Shibata and Yamamoto, 1979) . A subsequent report on human myocardium by the same group (Luke and Saffitz. 1991) shows histograms of gap-junction length profdes from thin sections which, apart from including a few exceptionally long junctions, do not otherwise differ markedly from those we have presented here and elsewhere (Gourdie et al., 1991) . Part of the explanation is that relatively few large gap junctions would account for a proportionately large amount of total junctional area (Luke and Safftz, 1991) . From morphometric analysis of thin sections it has been further concluded that there are approximately 99 gap junctions per canine myocyte which, with a mean of at least nine intercalated disks per cell . gives an average of <I1 junctions per disk. CSLM of immunolabeled samples, on the other hand, reveals -60 immunostained gap junctions per intercalated disk in a range of mammalian species (Gourdie et al., 1991; Smith et al., 1991) . It might be suggested that a proportion of the immunostained patches observed by confocal microscopy represent gap-junctional protein that is not organized in the form of ultrastructurally defined gap junctions. Further immunogold labeling experiments will allow this hypothesis to be tested in more detail, but the possibility that standard thin-section morphometric techniques may substantially underestimate gap junction number and extent also must be bome in mind.
As emphasized by Ryerse and Nagel (1990) , both freeze-fracture and thin-section EM have limitations in estimating junctional area. Results from freeze-fracture can significantly underestimate the area of large junctions, especially in convoluted membrane areas that encourage incomplete junction fractures and in which the dimensions of complete junctional domains will be foreshortened when projected as a flat image for measurement. In the cardiac intercalated disk, small junctions predominate in transverse (plicate) regions which are highly convoluted in three dimensions; the longitudinal membrane segments, in which the larger gap junctions are located, show much more gentle curvature in a single lateral plane. This favorable three-dimensional geometry and distribution make it quite possible to sample both categories of gap junction with reasonable although not perfect accuracy. The ability to measure small gap junctions accurately extends down to the smallest aggregate of connexons forming the characteristic array. The ideal requirement that the complete domains are visualized for precise measurement of the larger gap junctions is clearly not always fulfilled in practice, although with the procedures adopted in the current study underestimation due to incomplete fractures is minimized.
Thin-section EM, in contrast to freeze-fracture, may miss small junctions that lie within the section but do not extend to its cut edge. Moreover, where section thickness exceeds junction diameter, the possibility of image overlap, leading to perception of two or more gap junctions as one, must be considered, especially where en bloc staining has been used. A similar overlap could occur where there is a high density of larger junctions, as found at the edge of the intercalated disk (Gourdie et al., 1991; Smith et al., 1991) , and this too could lead to overestimates of junction length. Set against these potential sources of error is the failure to detect the full extent of en face views of gap junctions in standard thin section preparations. As demonstrated by Chen et al. (1989) , in situ negative staining reveals these views to be far more abundant than generally appreciated, and on this basis, earlier thin section morphometric analysis could have led to a threeto fourfold underestimation of cardiac gap junctional area (Chen et al., 1989) . The surprisingly large numbers of gap junctions per disk suggested by our histochemical studies are therefore not implausible, when all these limitations of standard ultrastructural techniques are borne in mind.
In conclusion, the results indicate that, under the conditions used in the present study, CSLM can be used reliably for quantification of cardiac gap-junction size and for deriving rapid estimates of gap-junction content. A similar approach is potentially of value for the analysis of other subcellular structures but, because the imaging process will be subject to unique factors in each case (e.g., size and shape of the object, activity of the antibody), each will require independent validation.
